To evaluate the usefulness of the two public databases, HapMap and Perlegen, in facilitating studies associating polymorphisms in these genes with drug response, we examined 111 single-nucleotide-polymorphisms from 13 ABCtransporter genes in Singaporean-Chinese, European-Americans and African-Americans. We found that genotype data from the HapMap/Perlegen databases are generally transferable to different sampling of the same population and to similar populations residing elsewhere. However, not all ABC-transporter family genes are amenable to SNP-tagging due to the low tagging-efficiency of low-LD genes resulting in negligible cost-savings. Hence, alternative approaches may have to be explored for low-LD ABC genes.
INTRODUCTION
The ATP-binding cassette (ABC) superfamily of transporters represents one of the largest families of membrane proteins in both prokaryotic and eukaryotic organisms [1] . Best known as mediators of resistance to anti-cancer drugs, these transporters may have evolved to protect the cells from external insults through the recognition and energydependent removal of diverse drugs and naturally toxic agents. Hence, these ABC transporters are likely to play important roles in determining drug response.
At least 48 members belonging to this superfamily of transporters have been identified through sequence homology and grouped into seven subfamilies ranging from A to G. Functions attributed to these transporters include the extrusion of pharmacologically relevant compounds; export of physiological substrates (e.g. cholesterol (ABCA1)) and the regulation of chloride transport (e.g. ABCC7/CFTR) [1] . Although the functions or the physiological/pharmacological substrates of many of the ABC transporters remain unknown, it is likely that they may also be drug exporters and play important roles in regulating drug response due to their high sequence homology with known drug exporter members of this superfamily. Polymorphisms in members of this superfamily have been variously associated with differences in protein expression, function as well as drug disposition and response [2, 3] . Hence, genetic variations in the ABC transporter genes are likely to contribute to inter-individual differences in drug response.
Two publicly available databases HapMap (http://www. hapmap.org/) and Perlegen (http://genome. perlegen.com/) examined genome-wide single nucleotide polymorphisms *Address correspondence to this author at the Department of Biochemistry, National University of Singapore, 8 Medical Drive, Singapore 117597, Singapore; Tel: 65-6436-8353; Fax: 65-6779-1453; E-mail: bchleec@nus.edu.sg (SNPs) in several populations. The HapMap project aims to systematize the indirect approach through a genomewide study of haplotype-block structure in four major populations namely Chinese, Japanese, Caucasian and Yoruba and genome-wide tagging SNPs using either pairwise or multimarker r 2 strategy can be identified [4, 5] . HapMap genotyped already known SNPs from public databases at a density of approximately one SNP per 1 kb of DNA from unrelated individuals in 4 different populations, namely, 45 Japanese from Tokyo, 45 Chinese from Beijing (CHB), 60 US residents (parents of trio data) with northern and western European ancestry by the Centre d'Etude du Polymorphisme Humain (CEPH/CEU) and 60 Yoruba people (parents of trio) of Ibadan (YRI). Approximately 1.6 million SNPs from 24 Han Chinese from Los Angeles (CHLA), 24 EuropeanAmerican (EA) and 23 African-American (AA) was successfully genotyped in the Perlegen project. The SNPs genotyped in the Perlegen project were either reported in public databases or identified through their array-based re-sequencing of 24 human samples of diverse ancestry [6, 7] .
Although there were previous reports examining the transferability of data from the HapMap or the Perlegen projects to similar populations residing in other regions of the world, these studies either focus on a single population, such as Spanish [8] [9] [10] [11] [12] or they focus on the portability of Tag SNPs to the similar populations or cross populations. Notably, Johansson et al. reported that the transferability of common tagSNPs to capture random sequence variation between such as CEU of HapMap and Sami are seriously limited [13] .
Another database known as PharmGKB (the Pharmacogenetics and Pharmacogenomics Knowledge Base http:// www.pharmgkb.org/) focusing on variation in drug response genes is also publicly available. However, SNPs genotyped in this database are primarily exonic or within the flanking intronic regions resulting in large gaps between some SNPs, thus, making this database less useful for the identification of tSNPs.
To facilitate studies associating ABC transporter genes with drug response, we examined 111 SNPs in 13 ABC transporter genes known to play some roles in the transport of physiological substrates or drugs (Supplementary Table 1) in three different populations that are similar to populations examined by the HapMap/Perlegen databases. The three populations examined in this study are the SingaporeanChinese originating from Southern China (CHS) as well as the European-Americans (EA) and African-Americans (AA) from the United States of America (USA) which are similar to the CHB, CEU and YRI in HapMap and the CHLA, EA and AA in Perlegen. We compared the SNP allele frequencies, the haplotype and LD profiles as well as tSNPs in the selected genes of our three populations with similar populations from the Perlegen and HapMap databases.
MATERIALS AND METHODS

Study Populations
The study populations examined in this study are the CHS, EA and AA. These populations are similar to the populations examined in the HapMap project except that the CHB examined in the HapMap project resides in China instead of Singapore and the YRI population in HapMap is the African population residing in Yoruba, Africa instead of the USA. Only the CEU population in HapMap and the EA in this study reside in the same country and will thus represent a different sampling of the same population. The EA population that we examined represents a re-sampling of the same population examined in the Perlegen database while the CHS population examined in this study represents similar population residing in a different region from the CHLA examined in the Perlegen database.
The genomic DNA of the EA and AA populations were purchased from the Coriell Cell Repositories (Camden, NJ). Anonymized samples for the CHS population were obtained from previously archived genomic DNAs extracted from unselected cord blood samples discarded after clinical newborn screening for glucose-6-phosphate dehydrogenase deficiency from the National University Hospital, one of two major hospitals in Singapore. National University of Singapore Institutional Review Board (NUS-IRB Reference Code: 04-126E) has granted ethical approval for this study. A total of 136 unrelated individuals were examined including 40 CHS, 46 EA and 50 AA.
Genes and SNPs Selection
We chose to examine 111 SNPs within the genes of 13 members of ABC superfamily known to play some roles in the transport of physiological substrates or pharmacologically relevant drugs (Supplementary Table 1 ). SNPs from each gene were from two sources: first, the SNPs databases: the Single Nucleotide Polymorphism database (dbSNP) from the National Center for Biotechnology Information database (http://www.ncbi.nlm.nih.gov/projects/SNP/), the SNP Consortium LTD (http://snp.cshl.org) and Japanese SNP database (http://snp.ims.u-tokyo.ac.jp); and second, SNPs reported in the literature [14] [15] [16] . To characterize a set of SNPs that would be informative in further association studies for each drug transporter gene, SNPs were selected based on the following criteria: 1) SNPs should be relatively evenly spaced throughout the genomic region of each gene; 2) maximum distance between consecutive two SNPs should be less than 30 kb; 3) SNPs should preferably be common in human populations (minor allele frequency (MAF) 5%).
Genotyping Method
These 111 SNPs were genotyped using the arrayed primer extension (APEX) assay as previously described [17] (Asper Ltd., Tartu, Estonia). SNPs that were not successfully assayed by APEX were then genotyped either using TaqMan ® SNP Genotyping Assays or multiplex minisequencing [18] .
Determination of Allele Frequency, Haplotype and Linkage Disequilibrium (LD) Profiles
To comprehensively characterize haplotype and LD profiles in these ABC drug transporters, we compared our data with those of HapMap (Release #20) (http://www.hapmap. org) and Perlegen (http://genome.perlegen.com/) databases. We downloaded the SNP genotype data of the 13 ABC transporter genes from these two databases. HapMap database contains the genotypes of 45 CHB, 60 CEU and 60 YRI samples, respectively. Perlegen database documents the genotypes of 24 CHLA, 24 EA and 23 AA samples, respectively. Data sets that were similar to our study, with respect to the number and distributions of SNPs in each gene ( Table  1 and Fig. (1) ) were then extracted from these databases and allele frequencies, LD and haplotype frequencies were determined. Pairwise comparison of population allele frequency difference and distribution were tested by Fisher's exact test and Pearson correlation analysis, respectively.
Haplotype frequencies and LD between SNP pairs were estimated as described previously [19] . Half length of LD (LD 0.5 ) is defined as the distance at which the average |D'| or r 2 is 0.5.
Identification of tSNPs
The haplotype r 2 method was employed for the identification of tSNPs as r 2 measure of LD is a more relevant measure for association studies and haplotype r 2 may be more efficient in identifying tSNPs compared to the pairwise r 2 method [20] . The multiple-marker haplotype r 2 criteria (Criteria 11 haplotype r 2 in the software), of the "TagIT" program was utilized to identify tSNPs for each gene locus in the three populations which was reported to be useful for association studies based on tSNPs [21] . All genotyped SNPs of the gene with MAF 5% were examined and the minimum number of tSNPs that satisfied the haplotype r 2 threshold value 0.85 was identified.
RESULTS AND DISCUSSION
Allele Frequencies of SNPs at the ABC Transporter Gene Loci in Similar Populations Residing in Different Places Do Not Differ Significantly
A total of 111 SNPs from 13 genes of the ABC transporters were genotyped in 136 unrelated individuals representing 3 populations, namely CHS, EA and AA ( Table 1) . Six SNPs could not be successfully genotyped in all three populations using the APEX method and were then genotyped using TaqMan ® SNP Genotyping Assays or multiplex minise-quencing [18] . Four additional SNPs were not successfully genotyped only in the CHS population. These 4 SNPs were thus not included in the analyses of the data from the CHS resulting in the number of SNPs examined for the CHS population (107) being lower than the other two populations (111) ( Table 2 ). The total genomic region that was examined for the 13 genes was approximately 1.38Mb with each gene spanning between 25 and 320 kb in length ( Table 1) . The average gaps between two SNPs in each of the 13 transporter genes ranges from 2.78 to 20 kb in length ( Table 1) . As evident in Fig. (1) , the SNPs examined are distributed relatively evenly across the genes. As shown in Table 2 , there are a total of 96-100 inter-SNP intervals encompassing the 13 genes in the 3 populations. The average distance between two adjacent SNPs was ~14 kb in the 3 populations. Greater than 90% of these transporter genes genomic regions were covered by inter-SNP gaps of less than 30 kb ( Table 2) . More than 75% and 65% of the SNPs examined had MAFs of greater 5% and 10%, respectively, in the 3 populations ( Table 2) . Less than 15% of the SNPs examined in this study were monomorphic ( Table 2) .
The three populations examined in this study are the Singaporean-Chinese originating from Southern China (CHS) as well as the European-Americans (EA) and AfricanAmericans (AA) from the United States of America (USA) which are similar to the CHB, CEU and YRI in HapMap and the CHLA, EA and AA in Perlegen. Similar to this study, the EA and AA samples examined by the Perlegen database were also obtained from the Coriell Repository. Of the 24 EA samples examined by Perlegen, only one sample was identical to the samples examined in this study. This sample was thus not included when we compared data from our study with those from Perlegen. With the removal of the single common sample, the EA population examined in this study represents a different sampling of the EA population in the Perlegen database as well as the CEU population from HapMap as all three EA/CEU populations reside in the USA. All of the AA samples examined in the Perlegen database were also examined in this study hence we did not compare the AA data from Perlegen with our study. SNPs from identical samples from Perlegen that were examined in this study generally has similar genotypes. The AA population from this study thus represents a similar population residing in a different country compared to the YRI population in the HapMap database. The CHS population in this study is similar to the CHB/CHLA populations in the HapMap and Perlegen databases in that they originated from the Han Chinese but they are not exactly the same since they have been residing in a different country (namely, Singapore). The transferability of the SNP data at the ABC transporter gene loci from the HapMap or Perlegen databases to different sampling of the same population or to similar populations residing elsewhere in the world would be noteworthy as it has important implications in studies associating these genes with drug response or complex diseases.
We thus evaluated how the allele frequencies of SNPs in the ABC transporters in the 3 populations examined in this study compare with those from similar populations in the HapMap and Perlegen databases (Fig. 2, Supplementary Table 2 ). More than sixty-three percent of the SNPs examined in this study were also found in the HapMap database while only <38% were common with the Perlegen database (Supplementary Table 2A ). Less than 17% and 12% of these common SNPs in the HapMap and Perlegen databases, respectively, had MAFs of less 5% (Supplementary Table 2A) . Of the polymorphic SNPs that were common between our study and those of HapMap or Perlegen, we found that in the CH (CHS/CHB/CHLA) population, approximately two times more SNPs in our data differed by more than 10% from those of the HapMap (22.1%) and Perlegen (20.0%) than between the two databases themselves (11.1%) (Supplementary Table 2A ). On the other hand, in the AA/YRI population, although this population from our study is different from the YRI population, reported in the HapMap database, who reside in Africa, we found greater number of SNPs that Fig. (1) . Graphical representation of the SNPs, LD blocks and tSNPs at the ABC transporter genes. Due to great differences in the genomic size of the various ABC genes, the 13 genes were grouped into three panels with different scaling of the genes as indicated. Top panel includes the ABCB1/4, ABCC4 and ABCC1/6 genes; the bottom panel comprises the ABCB2/3 genes while the middle panel contains the other genes. For each gene, the middle horizontal line represents the genomic region. Two types of vertical lines are drawn above the horizontal line with the location scaled to the physical position in the genes: the shorter lines represent the exons while the longer lines represent the SNPs that were genotyped in this study (with the dbSNP ID or "rs" number indicated wherever applicable). The LD blocks in which r 2 0.3 and tagging SNPs of the genes in the three populations are also shown. The black, white, gray circles and boxes below the horizontal line represent tagging SNPs, non tagging SNPs, monomorphic SNPs and SNPs without genotypic data or with too many missing data, respectively. For some populations of some genes, e. Table 2B ). The distribution of allele frequencies in the respective populations between our study and HapMap/Perlegen databases was very similar as evident by the high Pearson correlation ( 0.94) for all comparisons. Hence, we can infer from the above that SNP allele frequencies at the ABC gene loci do not differ significantly in similar populations whether they are residing in the same country or not.
LD is Strongest at the ABCC5 Locus but Weakest at the ABCC3 Locus
LD is the non-random association between the alleles at one locus with those at adjacent loci. Alleles that are in LD are more highly correlated than would be expected of them if they are segregating independently in a population [22] . Several factors can have an impact on LD, including mutation, recombination, genetic drift, admixture or migration and natural selection, etc. One useful application that can be derived from understanding the LD of a gene loci is the ability to select a subset of highly informative SNPs known as tagging SNPs (tSNPs) based on the LD profile within the gene locus to represent the most common variations segregating at the gene locus which would facilitate more efficient association studies [23] . Hence, understanding the LD profiles of the ABC transporter genes may facilitate rational approaches to studies associating these genes with functional changes including drug response.
Except for ABCA2 where there were too few SNPs of MAF 5%, the LD profiles of SNPs with MAF 5% at the 12 ABC transporter gene loci in the three populations were analyzed. r 2 0.3 is defined as relatively high LD. As shown in Fig. (1) , the LD profiles differed greatly amongst the different ABC transporter genes and the different populations.
All three populations had one LD block that contains at least 5 SNPs encompassing greater than 50 kb of genomic (Fig. 1) . The CHS population had the greatest percentage of SNPs (>40% vs <30%) residing in r 2 LD blocks comprising 2-4 SNPs while the AA population had the greatest percentage of SNPs (>75%) that did not reside in any LD block. These observations that the AA population displayed the weakest LD compared to the CHS or EA populations were consistent with previous reports on some members of the ABC transporter genes [19, 24, 25] as well as on a genome-wide scale [6] .
ABCC5 showed the strongest r 2 LD of the 13 ABC genes with at least 5 SNPs residing in one LD block and the other two SNPs in another LD block in the CHS population (Fig.  1) . Similar strong LD at the ABCC5 gene was reported earlier [24] . ABCB1/4 gene loci displayed the second strongest r 2 LD profiles (Fig. 1) . Interestingly, no r 2 LD 0.3 was observed for ABCC3 and ABCG2. Overall, r 2 LD at the 13 ABC transporter gene loci was generally weak except for ABCC5, ABCB1/4 and perhaps ABCC4 (Fig. 1) . These observations have important implications for association studies. It suggests that for genes (e.g. ABCC5, ABCB1/4 or ABCC4) which reside within genomic regions of strong LD, where several SNPs have high associative power, the identification of tSNPs may be useful to facilitate efficient association studies as fewer SNPs need to be examined. On the other hand, for most of the other ABC genes (e.g. ABCC3), which reside in genomic regions of low LD, more SNPs need to be examined initially in order to establish an association with functional differences and it may thus not be practical to utilize tSNPs to facilitate efficient association studies. Hence, alternative approaches may need to be explored to facilitate efficient association studies for such genes.
The LD and Haplotype Profiles at the ABC Transporter Gene Loci in Similar Populations Residing in Different Places are Comparable
We next evaluated whether the LD and haplotype profiles of the ABC transporter gene loci were comparable in different sampling of the same populations or in similar populations residing in different places. Pair-wise LD between SNPs was evaluated using 2 statistical measures, |D'| and r 2 [26] . Haplotype profile was examined by determining the number of haplotypes that could constitute greater than 60% of the total chromosomes at each gene locus in the different populations.
As shown in Table 3 , although there is variability in the LD (especially |D'|) and haplotype profiles amongst the three different datasets (this study, HapMap and Perlegen), the trends observed are reasonably similar. The high variability observed especially in the LD profiles could perhaps be due to SNP choice and small sample size which LD measures are particularly sensitive to [27] . Nonetheless, consistent with earlier reports [19, 24, 25, 27] , r 2 LD was generally lower than |D'| LD across all genes, all populations and all datasets ( Table 3) . Also consistent with earlier observations, the AA/YRI population generally had lower LD and higher haplotype diversity, as more haplotypes were required to account for 60% of their chromosomes compared to the CHS/CHLA/CHB or EA/CEU populations in all 3 datasets. Also generally consistent across the three datasets was the observation that ABCC5 had very strong LD and required fewer haplotypes to constitute 60% of the total chromosomes ( Table 3) . On the other hand, ABCC3 and ABCG1 gene loci had very low LD across all 3 datasets.
Hence, consistent across all 3 datasets were the observations of strong LD for the ABCC5 and ABCB1/4 gene loci and weak LD for the ABCC3 and ABCG1 gene loci suggesting that less SNPs may be needed for studies associating ABCC5 or ABCB1/4 but not ABCC3 or ABCG1 with drug response or disease susceptibility.
Fewer Tagging SNPs (tSNPs) are Required for the ABCC5 Gene Locus which has Stronger LD
The identification of tSNPs to represent other SNPs (including those as yet unidentified) will facilitate efficient association studies. Currently, there are several methods to select a subset of tSNPs that will capture most of the information of the entire set of SNPs present in the genomic region [21, 23, 28] . These methods can be generally classified into two groups: (i) tSNPs based on haplotype diversity -a subset of SNPs are selected to capture the original haplotype diversity present in the set of SNP that were genotyped; (ii) tSNPs based on association -a subset of SNPs are selected that are highly associated with other SNPs in the genomic region including SNPs that are not genotyped or identified. This second method for selecting tSNPs is our method of choice since it has direct relevance in association studies. We thus utilized the TagIT algorithm which selects tSNPs based on the haplotype r 2 criteria [21] to select for a subset of tSNPs from all polymorphic SNPs in the 12 ABC transporter genes except ABCA2 which was mainly monomorphic. Table 3 gives a summary of the profiles of tagging SNPs in the 12 ABC transporter genes in the 3 populations. The AA population which had the weakest LD and greatest haplotype diversity (Table 3) had the weakest tagging efficiency and shortest intervals between tSNPs of the 3 populations (Supplementary Table 3) . Also evident from our results are the observations that in populations that generally show high LD, genes with higher LDs have longer intervals between tSNPs and better tagging efficiency. For example in the CHS and EA populations, tagging efficiency at ABCC5 and ABCB1/4 gene loci exceeded 2-fold. One the other hand, for ABCC3 gene loci where the LD was very weak, tagging efficiency was 1. Our results thus suggest that not all the ABC transporter gene loci are amenable to tagging SNP strategy to facilitate efficient studies associating polymorphisms in these genes with drug response and alternative approaches have to be explored.
Tagging Profiles of SNPs at the ABC Transporter Gene Loci are Comparable Across the Three Datasets
To compare the tagging profiles of SNPs at the ABC transporter gene loci, we selected the same or nearby polymorphic SNPs with MAF>0 from the HapMap and Perlegen databases for determination of tSNPs for gene loci ABCB1/4, ABCC3, and ABCC5 using the same haplotype r 2 approach. ABCB1/4 and ABCC5 gene loci were selected to represent loci with high LD and good tagging efficiency while ABCC3 was selected to represent locus with low LD and poor tagging efficiency. As evident in Table 4 , while the tagging efficiencies of the various genes in the 3 datasets were different, the trends were similar with ABCC5 and ABCB1/4 having good tagging efficiency and ABCC3 having poor tagging efficiency for all 3 datasets. The tagging efficiency from our dataset seemed to be more similar to the HapMap dataset while the tagging efficiency from the Perlegen dataset seemed to be the highest amongst the three datasets.
CONCLUSION
To address the issue of whether genotype data at the ABC transporter gene loci from the HapMap and Perlegen databases are transferable to a different sampling of the same population residing in the same location as well as to a similar population residing in a different region of the world, we examined 111 SNPs from 13 genes of the ABC transporters in 136 unrelated individuals representing 3 populations, namely CHS, EA and AA. The CHS that we studied resides in Singapore and would represent a population that is similar to that examined in the HapMap (CHB) and Perlegen (CHLA) databases but residing in a different region of the world. The EA population in this study resides in the USA and would thus represent a different sampling of the same population examined in the HapMap (CEU population residing in the USA) as well as the Perlegen (EA residing in the USA) databases. The AA population in this study resides in USA and would thus represent a similar population as the population studied in the HapMap (YRI from Africa) database but residing in a different region of the world. We observed high similarity of allele frequencies and similar trends of LD and haplotype profiles across all 3 datasets for the respective ABC transporter genes in the respective populations. The AA/YRI population generally had the weakest LD and greatest haplotype diversity across all three datasets. The ABCC5 and ABCB1/4 gene loci had the strongest LD while the ABCC3 gene locus had the weakest LD. Additionally, it was also observed across all three datasets that the tagging efficiency of genes with strong LD e.g. ABCC5 was considerably better than genes with weak LD e.g. ABCC3.
Hence our study shows that the genotype data from the HapMap and Perlegen databases are generally transferable to different sampling of the same populations as well as to similar populations residing elsewhere in the world. Importantly, our study also highlights an important limitation of utilizing SNP tagging to reduce genotyping cost in association studies. We demonstrated that not all genes were amenable to SNP tagging. For example for genes with weak LD, e.g. ABCC3, the tagging efficiency is so low that there will not be much cost savings utilizing tagging SNP strategy for these gene loci. Hence, other strategies have to be explored to facilitate efficient study associating these low LD genes with phenotype like drug response or complex disease susceptibility. These strategies may include utilizing statistical and computational approaches to identify SNPs that are likely to have evolutionary and/or biological functional significance. For example, the functional consequences of nonsynonymous SNPs from the HapMap data can be predicted using computational approaches. Additionally, we have recently demonstrated the feasibility of utilizing genomic signatures of recent positive selection in the major ABC transporter genes to identify functionally important SNPs [25, 19, 29] . These SNPs are likely to be positively selected during the adaption of modern man to the selective pressures in the recent human evolution [30] . Hence, these SNPs are likely to be functionally significant and have the potential of facilitating efficient association studies. [27, 28] 
